In reconsolidation studies, memories are typically retrieved by an exposure to a single conditioned stimulus (CS). We have previously demonstrated that reconsolidation processes are CS-selective, suggesting that memories retrieved by the CS exposure are discrete and reconsolidate separately. Here, using a compound stimulus in which two distinct CSs are concomitantly paired with the same aversive unconditioned stimulus (US), we show in rats that reexposure to one of the components of the compound CS triggers extinction or reconsolidation of the other component. This suggests that the original training conditions play a critical role in memory retrieval and reconsolidation.
In Pavlovian threat (fear) conditioning, a neutral conditioned stimulus (CS), such as a tone or a light, is paired with an aversive unconditioned stimulus (US), typically a mild electric shock (LeDoux 2012) . Neurons in the lateral nucleus of the amygdala (LA) play a critical role in memory acquisition, consolidation, storage, retrieval, reconsolidation, and extinction (Sotres-Bayon et al. 2009; Johansen et al. 2011; Maren 2011) .
Retrieval of the memory through an exposure to the CS allows memory modification and/or restorage (Tronson and Taylor 2007; Finnie and Nader 2012) . If a single cue (CS or US) or a single CS -US pairing is presented, memories may be enhanced, attenuated, or updated through reconsolidation processes (Lee 2009; Debiec et al. 2011; Dudai 2012; Díaz-Mataix et al. 2013; Stern and Alberini 2013) , whereas multiple presentations of the same CS trigger extinction processes which are believed to reduce the conditioned response through a new learning without changing the original memory trace (Myers and Davis 2007; Pérez-Cuesta and Maldonado 2009; Maren 2011; Milad and Quirk 2012) . It has been proposed that whether a retrieved memory undergoes reconsolidation or extinction processes is dependent upon the dominance of the particular (original or new) memory trace at the time of retrieval (Eisenberg et al. 2003; Runyan and Dash 2005) .
Using Pavlovian threat conditioning in rats and pharmacological manipulations in the LA, we have previously shown that reconsolidation processes are stimulus selective (Debiec et al. 2006 (Debiec et al. , 2010 Doyère et al. 2007; Diaz-Mataix et al. 2011 ). In one of these studies, we used a dual auditory threat conditioning protocol in which two distinct acoustic CSs were each paired in separate trials with the same electric footshock US (Doyère et al. 2007 ). Reexposure to one of the CSs followed by intra-LA disruption of reconsolidation processes with a protein synthesis inhibitor, anisomycin, impaired responding to the presented CS but not to the nonreactivated one, suggesting that memories retrieved by the CS are distinct and reconsolidate separately.
In the majority of reconsolidation studies so far, memories are typically reactivated by an exposure to a single CS, whether it is a simple stimulus (tone or light) or a complex conditioning context. However, in real life an organism is simultaneously exposed to various stimuli from different modalities. The question arises whether distinct events, such as tone and light, presented together during training reconsolidate together. In other words, will an exposure to a single component of a learning experience involving distinct modalities render the other component labile?
To address this issue, we trained rats in a Pavlovian threat conditioning paradigm with a compound (tone + light [T + L]) stimulus as a CS, and tested whether reactivating the memory by presenting the light CS will trigger the reconsolidation of the tone memory. Adult Sprague-Dawley male rats weighing around 300 g (Hiltop Laboratories, Scottdale, PA) were housed individually in plastic Nalgene cages and maintained on a 12-h light -dark cycle, with food and water provided ad libitum. All procedures were in accordance with the NIH Guide for the Care and Use of Experimental Animals, and were approved by the New York University Animal Care and Use Committee. Under Nembutal anesthesia (45 mg/kg, i.p.), rats were implanted bilaterally with 22-gauge stainless-steel guide cannulae aimed at the lateral nuclei of the amygdala (LA, AP 3.0 mm, L + 5.3 mm, DV -8.0 mm from the skull surface [Paxinos and Watson 1986] ). The guide cannulae were fixed to the skull using acrylic dental cement. A dummy cannula was inserted into each guide cannula to prevent clogging. At the end of each behavioral experiment, rats were anesthetized with an overdose of chloral hydrate (600 mg/kg) and perfused with 10% buffered formalin. Nissl staining and light microscopy were used to verify the location of injector cannula tips in the LA (Fig. 1) . All training procedures were conducted in Context A; for all other procedures Context B was used. Context A included an odorless Plexiglas chamber with transparent walls, rectangular in shape, at a horizontal plane and a metal grid floor (Model E10-10). The chamber was dimly illuminated by a red light and enclosed within a sound attenuating chamber . Context B was a Plexiglas chamber (Model E10-10) with a custommade cream-colored Plexiglas wall insert, triangular in shape, at the horizontal plane. The floor was covered with a smooth black Plexiglas floor. In addition, 0.05 mL isoamyl acetate (Sigma Aldrich) was placed on the external side of the insert wall.
After at least 7 d recovery from the surgery, rats were habituated to Context A for 2 d (1-h sessions). On day 3 the rats were trained using a compound stimulus conditioning protocol [(T + L) -US] involving an auditory (20-sec tone, 5 kHz, 80 dB) and a visual (20-sec white light) component presented simultaneously and co-terminating with a footshock US (0.8 mA, 0.5 sec) (see Fig. 2A , top, for the schematic of behavioral procedures). Four training trials were given; the inter-trial interval (ITI) was randomly generated and was 1-4 min. Twenty-four hours later, rats were placed in Context B. Following 2 min of acclimation, rats were exposed to a single light (L) presentation (20 sec). Freezing during the L stimulus was measured and used to equate performance for groups that were to receive either drug or vehicle. Immediately after, rats were infused into the LA with either anisomycin (n ¼ 6, 62.5 mg/0.5 mL, 0.2 mL/2 min/side; Sigma-Aldrich) or artificial cerebrospinal fluid (ACSF) (n ¼ 8). Twenty-four hours later, in Context B, animals were given three tone (T) alone presentations for assessing their long-term memory (LTM) to the T element of the compound. Behavior during LTM tests was videotaped and freezing responses to the tone presentations were scored off-line by an observer blind to the experimental conditions. An average of the three scores for each tone for each rat was used for the statistical analysis.
The results show that while freezing to the L stimulus during retrieval was equivalent in both groups (t (12) ¼ 0.195, n.s.), rats infused with anisomycin showed significantly less freezing to the tone in the LTM test than ACSF-infused rats (t (12) ¼ 4.620, P , 0.001) (Fig. 2A) . In contrast, when no stimulus was presented during the reactivation phase (2 min and 20-sec exposure to Context B; see Fig. 2B , top, for an outline of the procedure), both ACSF (n ¼ 5) and Aniso (n ¼ 5) groups showed a very low level of freezing to the context during the reactivation phase (unequal variance t (4) ¼ 1.414, n.s.) and an equivalent high level of freezing to the T stimulus 24 h later (t (8) ¼ 0.727, n.s.) (Fig. 2B) . Thus, the loss of memory to the tone was due to the reactivation of the memory triggered by the presentation of the light stimulus. More importantly, when both T and L stimuli were conditioned to the same US separately (dual threat conditioning procedure: intermixed trials of four T-US and four L -US pairings, ITI of 1 -4 min; see Fig.  2C , top, for the schematic of the experimental procedures), instead of as the compound stimulus, intra-LA anisomycin infused after reactivation to the L stimulus did not interfere with the LTM to the T stimulus. Both ACSF (n ¼ 6) and Aniso (n ¼ 6) groups expressed a similar high level of freezing during the light reactivation (t (10) ¼ 0.576, n.s.), as well as during the tone LTM test (t (10) ¼ 1.896, n.s.) (Fig. 2C ). This pattern of results demonstrates that two distinct stimuli separately paired with the same US within the same training session can undergo reconsolidation independently of each other, thus confirming the high selectivity of the reconsolidation process we reported previously in our earlier studies using a similar dual threat conditioning protocol (Doyère et al. 2007; Debiec et al. 2010; Diaz-Mataix et al. 2011 ). More importantly, in this study we demonstrate that this high selectivity can be lost when the stimuli have been conditioned together as a compound stimulus.
In our earlier study (Debiec et al. 2006 ) using a second-order threat conditioning paradigm, we observed that the effects of reconsolidation, disruption, and extinction procedures paralleled each other. We found that disruption of reconsolidation of second-order stimulus attenuates defensive reactions to this stimulus leaving intact responding to the associated first-order stimulus. Similarly, extinguishing responding to a second-order stimulus reduces defensive reactions to this stimulus and has no effect on responding to the associated first-order stimulus. The question arises whether extinction and reconsolidation procedures could both unravel aspects of memory organization which would predict their sensitivity to disruption. To test for this possibility, we thus asked whether extinction of the light stimulus would also decrease freezing responses to the tone stimulus when conditioned as a compound, but not when conditioned separately in the dual conditioning paradigm. Adult Sprague-Dawley rats (n ¼ 7) underwent compound conditioning procedure as described above, and then 24 h later were submitted to an extinction procedure with 28 light-alone presentations (ITI was 1 -3 min) in a single session (see Fig. 3A , top, for the schematic of the procedures). Freezing to the L stimulus significantly decreased over the session (beginning [Early] vs. end [Late] , paired t (6) ¼ 28.444, P , 0.001). Twenty-four hours later, memory to light and tone stimuli was tested in intermixed presentations (three trials each). Animals showed equivalent low level of freezing to L and T stimuli (paired t (6) ¼ 1.113, n.s.) ( Fig. 2A) . However, when rats were submitted to the dual conditioning paradigm (n ¼ 8) (see Fig. 3B , top, for the outline of the procedures), extinction of L (beginning vs. end, paired t (7) ¼ 8.474, P , 0.001) resulted in a significant difference in the levels of freezing evoked by each of the two stimuli (light vs. tone [paired t (7) ¼ 9.909, P , 0.001]) (Fig. 3B) . Thus, similar to the reconsolidation experiment, mediated extinction was observed when the stimuli were conditioned together as a compound, but not when they were conditioned in parallel (although sharing some conditioning parameters-same training session, same context, same US).
In our earlier studies we have demonstrated that memory reconsolidation may be cue-selective (Doyère et al. 2007 ) and that associatively reactivated memories are stable and resistant to disruption (Debiec et al. 2006) . In contrast, the results of the current study show that if a light stimulus has been presented with the tone stimulus during a training session as a single compound stimulus, the retrieval of the light component triggers in the LA protein synthesis-dependent memory reconsolidation of the tone associated memory. These results are paralleled by our extinction experiments in which multiple presentations of the light stimulus, one of the components of the compound stimulus, extinguishes conditioned responding to the other component (the tone). One of the major differences between training conditions used in our previous studies demonstrating selectivity of reconsolidation in the amygdala and the current study is that selectivity of reconsolidation processes is observed when the stimuli were separated in time during conditioning, but not when the two cues are presented concomitantly. Temporal characteristics and relations between the stimuli do not only define associative learning (Balsam and Gallistel 2009 ), but also determine whether or not memories reconsolidate (Díaz-Mataix et al. 2013) .Thus, the present data together with our previous reports suggest that specific encoding conditions control for the selectivity of the reconsolidation process: A loss of selectivity may be observed when a unique temporally bounded memory is formed.
This pattern of results raises a question about possible learning mechanisms that would account for these differential effects. One possibility is that in the compound conditioning protocol neural representations of two distinct events, tone and light, are encoded together in the amygdala either as a unique configure as posited by the configural theories of conditioning (for reviews, see Pearce 1994; Pearce and Bouton 2001) , or as distinct (but not independent) elements individually linked to the same reinforcer as proposed by the elemental theories of conditioning (Rescorla and Wagner 1972; Pearce 1994) . This would further determine that both components of the compound are retrieved and reconsolidated together even if only a single component is explicitly presented. The mediated-extinction effects (loss of responding to one component of the compound stimulus following extinction of the other component) we report here are in agreement with results obtained in previous studies using compound stimulus conditioning in other learning paradigms (Schnelker and Batsell 2006; Pineno 2007) . According to the literature, depending on training conditions, the retrospective evaluation triggered by extinction will induce either mediated-extinction of the target stimulus or the opposite, recovery-from-overshadowing (i.e., increase of responding to one component following the extinction of the other). Parameters such as relative salience, simultaneous vs. serial stimulus presentations, and short or long duration of the compound stimulus may be of particular importance in controlling the effect (e.g., Shevill and Hall 2004; Liljeholm and Balleine 2006; Sissons et al. 2009 ). Therefore, it remains to be determined whether our paradigm favors symmetrical/bidirectional mediated-extinction, and thus, potentially, reconsolidation processes. It would also be of particular interest to determine whether reconsolidation processes would also be triggered in conditions that would favor recovery-from-overshadowing, or solely when the training conditions favor mediated-extinction, as the data on reconsolidation available so far may suggest (the present data and Debiec et al. [2006] ).
Another question that remains to be resolved is whether visual events either alone or as a part of the compound are stored and reconsolidate in the LA. Although much of what we know about the role of the amygdala in threat conditioning comes from research using auditory cues, similar to auditory learning, the LA plays a critical role in the acquisition of visual threat conditioning (Campeau and Davis 1995; McDannald and Galarce 2011) . Likewise, physiological studies of cellular responses in the LA in relation to conditioning have focused primarily on auditory stimuli (Bordi and LeDoux 1992; Romanski et al. 1993; Collins and Pare 2000; Repa et al. 2001; Goosens and Maren 2004; Humeau et al. 2007; An et al. 2012) . However, some reports indicate that certain populations of cells in the LA respond both to visual and to auditory stimuli (Uwano et al. 1995; Toyomitsu et al. 2002; Nishijo et al. 2008) . The question remains whether these multimodal cells are preferentially involved in encoding and storage of the compound stimulus conditioning, which would account for the lack of selectivity of reconsolidation processes observed in the present experiments. Another possibility is that in our paradigm visual events are stored outside of the amygdala (Sacco and Sacchetti 2010) or within a distinct nucleus of the amygdala. Despite the spatial separation, however, memories for these events would remain functionally connected with the amygdala-dependent elements of threat conditioning, such that when reactivated they render the amygdala-dependent memories labile.
In the current study, reconsolidation and extinction experiments paralleled each other in a way that in both cases an apparent loss of selectivity was observed when stimuli were conditioned in a compound conditioning paradigm. Interestingly, using second-order threat conditioning, we previously observed similar parallelism between reconsolidation and extinction (Debiec et al. 2006) . Although extinction and reconsolidation are distinct processes involving different mechanisms (Duvarci and Nader 2004) , such parallelism suggests that both processes have a similar target which, in turn, allows modification of the memory by combining reconsolidation and extinction procedures (Monfils et al. 2009 ). Using both reconsolidation and extinction procedures may thus help to uncover the intrinsic architecture of associations in the amygdala.
Both extinction and reconsolidation have been proposed as models of existing and novel treatments of anxiety disorders. The results of the present study suggest that when stimuli are temporally bound during memory formation, the fates of its components are intertwined. Thus, the way the memory is encoded is critical for its accessibility to modification, and determines boundary conditions for selective lability mechanisms and their use for effective treatments.
